We present the latest results in the fabrication of micro-optical components using a novel nanostructuring process. This low-cost fabrication technology, which exploits advances in the development of photonic crystal fi bres, uses a modifi ed stack-and-draw technique where macroscopic distributions of thermally and mechanically matched glasses are reduced in scale by repeated draw-down and restacking procedures until the individual glass features are signifi cantly below the wavelength of incident light. We demonstrate that this fabrication technique is suitable for the creation of large diameter high numerical aperture micro-lenses for light collection and concentration purposes and broadband form birefringent materials.
Introduction
The recent implementation of the nanostructured micro-optical element fabrication technology [1 -3] , based around the photonic crystal fi bre stack-and-draw technique, has opened up hitherto unexplored areas of micro-optical design. In particular, areas which have required the use of costly, low volume and time-consuming fabrication methods (e.g., direct-write electron beam lithography), such as high numerical aperture 100 % fi ll-factor microlenses and form birefringent devices, can now be explored using a conceptually simple and low cost fabrication methodology. The basic methodology behind the nanostructuring technique involves the creation of a macroscopic preform, consisting of individual thermally and mechanically matched glass rods, which is then reduced by means of a series of draw-down and restacking operations until the original glass rods are reduced to a diameter signifi cantly below the wavelength of the incident light. At this point, incident light is no longer infl uenced by the individual refractive indices of the constituent glass rods but instead encounters a spatial average of the indices over the scale of around a wavelength. As the fabrication technology is based around the techniques developed for photonic crystal fi bre development, it inherits all the advantages of those techniques and a single metre of drawn material can produce up to 5000 individual identical devices. In this paper, we will review the latest progress in the development of micro-optical components and investigate future directions for this novel fabrication technology. The level of optical functionality that can be achieved is, to some extent, a function of the available glasses of different refractive indices which give the designer almost arbitrary control over the performance of the optical components. Although the fabrication of the high frequency micro-structured surfaces capable of acting as 100 % fi ll-factor fast lenses and form birefringent materials is a mature techno logy [4] , these components have generally required the use of direct electron beam lithographic fabrication techniques, increasing the cost per unit and limiting the deployment of these components to highly specialised applications. By contrast, the nanostructuring fabrication technology allows the accurate mass duplication of the basic design for a wide range of wavelengths and applications from a single preform assembly.
Nanostructured micro-optic element design and fabrication
The nanostructuring process starts with the design of a structure consisting of individual glass rods with a diameter in the range of 50 -500 nm drawn from a basis set of two or more soft glasses with different refractive indices and similar thermal and mechanical properties. The precise arrangement of the glasses composing this nanostructure is calculated by means of an optimisation of the desired optical properties. The small feature sizes produced by the nanostructuring procedure are suffi ciently subwavelength that the algorithms developed for micro-optical components within the scalar domain are no longer applicable. A fully vectorial approach, where Maxwell ' s curl equations are solved numerically (using either a fi nite difference time domain, FDTD [5] or Fourier modal method, FMM, approach [6] ), has been used successfully in the design glasses (from the LIC family) used in the presented micro-optical components are NC21A, a novel glass developed at the Institute of Electrical Materials in Warsaw and F2, a standard off-the-shelf glass developed by the Schott Corporation. The initial preforms, created from glass rods of 0.25 -1 mm diameter (with only one diameter of rod being used in a particular preform to simplify assembly), are assembled by hand to an overall preform diameter of 25 -45 mm and contain between 2000 and 10 000 individual glass rods. This limits the overall size of the fi nal nanostructured element to the 20 μ m to 200 μ m range. After initial preform assembly, the structure is drawn-down in a fi bre-drawing tower to an intermediate preform diameter of 1 -2 mm. The intermediate preforms are then cut to a length of 0.5 -1 m and restacked with uniform glass rods to form a secondary preform, of similar diameter to the initial preform, which is then drawn-down to a fi nal diameter of 1 mm. This fi nal diameter corresponds to individual features of between 50 and 200 nm giving a fabricated component suitable for use under visible and near-infrared (0.5 -2 μ m) illumination. The diameter uniformity of the glass rods used in the preform assembly is, to some extent, unimportant as due to the large overall draw-down used in the fabrication process ( ∼ 1000 -10 000), any slight discrepancies in the glass rods will generally be smaller than the boundary diffusion lengths of the constituent glasses and have thus been taken into account in the effective medium design algorithm. Figure  2 shows a schematic of the different stages of the nanostructuring procedure -the individual stages corresponding to (a) initial preform assembly, (b) initial draw-down, (c) intermediate preform assembly, (d) secondary draw-down and (e) fi nal dicing and polishing. It should be noted that stages (c) and (d) can be repeated as necessary to ensure that the fi nal feature sizes reach the desired dimensions. The fi nal diameters of the fabricated optical components (using this basic fabrication technique) lie in the 5 μ m-20 μ m range with effective f-numbers down to f/1 having been observed with diffraction limited optical performance [1 -3] .
of several different micro-optical components. However, for the practical optimisation of these structures both the FDTD and FMM are too slow to be useful for all but the simplest of nanostructures and an alternative approach must be used. The development of effective medium theory [7] , where the effective refractive index of a nanostructure is determined by a spatial average of the individual refractive indices of the constituent nanorods, gives suffi ciently accurate results while allowing rapid optimisation of highly complex structures. The basic Maxwell-Garnet theory, which gives the effective permittivity of a composite structure composed of two materials [ ε m and ε i with relative proportions of (1-δ ) and δ , respectively], is expressed numerically as:
where ε i and ε m are the relative permittivities of the inclusion and matrix materials, respectively, and δ is the proportion of inclusion material in the composite structure. This fi rst order theory gives suffi cient accuracy for the design of microlens and other non-polarisation sensitive components. For the design of polarisation sensitive components (such as form birefringent materials [8, 9] ), a higher order effective medium theory which takes into account polarisation effect is needed. The second order theory suggested by Richter et al. [10] is suitable for the structures under consideration in this paper. This is expressed numerically as:
where Λ is the period of the nanostructure and λ is the wavelength of illumination and the other terms are as for Eq. (1). The second order theory is only valid where Λ < λ -if this condition is not satisfi ed a fully vectorial solution to Maxwell ' s curl equations must be used. Figure 1 shows a comparison between the effective refractive index ( = e ε ) predicted by the second order theory and a fully vectorial FDTD simulation for a variety of nanostructures with increasing numbers of high index material inclusions ( δ ). The Maxwell-Garnet theory curve lies midway between the transverse electric (TE) and transverse magnetic (TM) curves and has been omitted for the sake of clarity.
The basis set of soft glasses most commonly used in the nanostructuring process can be divided into two families, one with a low refractive index (LIC) contrast (defi ned in this paper as the difference between the two indices) and the other with a greater index contrast (HIC). The need for both a mechanical and thermal match between the constituent glasses is to ensure that the draw-down process is uniform across the entire structure and that no dislocations or discontinuities develop during the multistage draw-down process. In this paper, the two rods (metarods) ordered as shown in Figure 3 . Each of the metarods has a diameter of 1.2 μ m and is composed of 50 × 50 rods of 20 nm diameter. There are seven different types of metarod ( Figure 4 ) composed of different fractions of the glasses (NC21 and F2) to obtain an effective refractive index variation and the effective refractive indices of the metarods shown in Figure 4 are linear between n1 = 1.5212 (pure NC21 glass) and n7 = 1.6068 (pure F2 glass). NC21 is a silicate glass synthesised in-house at the Institute of Electronic Materials Technology (ITME) in Warsaw (n dNC21 = 1.5212). Figure 5 shows the assembly of the large diameter nanostructured microlens at various stages of the complete assembly process. The fi nal thickness of the cut and polished sample was 140 μ m compared to a calculated lens quarter pitch of the nanostructured microlens of 249 μ m. Simulations of the focusing behaviour of the fabricated lens design show that a sample thickness of 140 μ m gives a lens working distance of 65 μ m and a focal spot diameter of 0.9 μ m at 850 nm and a working distance of 60 μ m and a focal spot diameter of 0.6 μ m at 633 nm.
The fi nal cut and polished microlens was placed within the experimental apparatus shown in Figure 6 A -this setup is used to determine the front surface of the lens and then, by micro-stepping back from this plane, an observation of the focal plane can be made. Figure 6B shows an image of the front surface of the nanostructured lens under 633-nm illumination and allows the overall diameter of the lens to be determined. It should be noted that there is a large degree of error associated with this measurement, both from the precise determination of the front surface and the measurement of the overall diameter of the lens. The focal length of the fabricated microlens was determined for two different wavelengths (633 nm and 850 nm) to verify that the microlens is capable of diffraction limited focusing behaviour over a relatively large wavelength range. It can be seen from Figures 7 and 8 that this prediction is generally correct -there is a slight discrepancy between the measured and calculated working distances. The observed working distances are approximately 50 % smaller that those predicated by theory. This is due to the accuracy of our measurement system and the diffi culties associated with precisely determining the surface and total diameter of the lens -a process which is more complicated for the infrared wavelength measurements and accounts
Large diameter nanostructured microlenses
The nanostructured microlens fabrication technology, which exploits the effective medium approach described above, is capable of producing very small diameter ( < 20 μ m), very fast (f/ # ≤ 1.5) lenses with diffraction limited performance [1, 2] . However, it should be noted that these microlenses were fabricated using conventional preform assembly techniques, where individual rods ( ∼ 10 000 for a 20 μ m lens) of the basis glasses are placed in the appropriate pattern. Use of this technique to assemble a larger diameter microlens (say 100 μ m diameter) is not feasible, as it would require the manual placement of 100 000 -250 000 individual glass rods. Although the advent of robotic preform assembly methods may make this direct nanostructuring approach practical in the future, we have adopted an alternative approach to the fabrication of large diameter nanostructured microlenses which combines the overall fl exibility of the nanostructuring technology with the large diameter capabilities of a Fresnel zone plate approach. The large diameter nanostructured lens was created using a hexagonal lattice of 100 × 100 nanostructured A B C D E Figure 2 Schematic of stack-and-draw process for nanostructured micro-optics fabrication. for the larger apparent discrepancy between the simulations and experimental results. By assuming we have a systematic error in the measurement of the working distance as well as in the measurement of the overall lens diameter, the difference in working distances obtained for both the 633 nm and 850 nm illuminations are in good agreement with predicted values.
Nanostructured form birefringence
The point of maximal effective refractive index difference in Figure 1 corresponds to a 50/50 high/low index structure and is ideally suited to the creation of a form birefringent material. It consists of alternating slabs of high and low refractive index glass with the direction of variation lying perpendicular to the direction of propagation as shown in Figure 9 A.
The initial preform ( Figure 9B ) of this structure was assembled from 1 mm diameter rods of the constituent glasses and the simple design results in a considerably simplifi ed preform assembly stage when compared to that required by the nanostructured lens designs. Furthermore, the fi nal index variation scale is on the order of one-half to a quarter of the incident illumination resulting in a much reduced draw-down requirement for this material compared to that required for the nanostructured microlens where the fi nal index variation scale is on the order of one-tenth to onetwentieth of the incident illumination. The refractive index dispersion of the low index contrast glasses in the modelled nanostructures is given by the Sellmeier coeffi cients shown in Table 1 .
To determine the fi nal index variation scale of the artificially birefringent material, the variation in the birefringence or difference between the TE and TM polarisation refractive indices (given here by Δ n) as a function of the overall period of the nanostructure was studied by means of an FDTD simulation for several different wavelengths of incident light (500 nm, 1000 nm, 1500 nm and 2000 nm). The results of this study are shown in Figures 10 and 11 -each curve in Figure  11 has been scaled by the peak value of Δ n given in Figure  10 . From Figure 10 , the second order effective medium theory (solid blue) shows good agreement with the fully vectorial results (blue dots). An inverse wavelength fi t (green) to the simulated Δ n shows constant birefringence over 300 nm wavelength bands.
It can be seen from Figure 11 (where the plotted Δ n are scaled relative to the peak Δ n from Figure 10 of illumination without entering the lower wavelength region where the calculated birefringence is not constant over a large wavelength range. The target period was set to 1 μ m for an illumination wavelength of 1550 nm (allowing operation as low as 1200 nm without compromising the second order effective medium limitation). The initial preform ( Figure  9B ) consisted of a rectangular ' active ' area held in place by a metal foil inside a cylindrical tube of NC21A with appropriate spacing rods to fi ll any air gaps in the structure. The metal foil which will have a thickness of ∼ 10 nm after the full draw-down process has a minimal effect on the observed birefringence of the fi nal component. After initial draw-down, the resulting 1 mm diameter cane was placed within another NC21A cylindrical tube ( Figure 9C ) and the fi nal draw-down processing performed. The fi nal dimensions of the ' active ' area were measured as 39.6 μ m × 27.3 μ m with a total component diameter of 1.7 mm. The birefringence of the fabricated sample was measured using a modifi ed version of the method proposed by Robertson [11] which enables the retardation of the test sample to be determined in a straightforward manner. The basic experimental setup is shown in Figure 13 and the measurement of the angle on the output polariser which gives a minimum for each combination of input polarisation state and quarter wave place angle can be used to determine the overall retardation of the test sample.
The angle of the test sample was held constant throughout these measurements although, in principle, an identical set of measurements could be performed for several different test sample orientations. A simulation of the measurement system, implemented using Jones matrices [12] for each of wavelength, there is a defi nite threshold beyond which the expected level of birefringence is signifi cantly reduced. This reduction in Δ n is due to the structure ceasing to operate as a true effective medium and instead beginning to function as a scalar domain diffraction grating -as shown by the inset fi gures for an incident wavelength of light of 1000 nm. In each of the inset fi gures the structure is a set of three periods of the high-low index structure with the direction of variation running across the inset fi gure as shown in Figure 12 for the 1.5 period/wavelength inset fi gure.
The fi nal choice of test structure was driven by the need to ensure a period of signifi cantly less than the wavelength to the difference in the relative proportions of the two input polarisations in the lower experimental curve (210 μ W:17 μ W) compared to the relative proportions in the upper experimental curve (0.84 μ W:227 μ W). The larger admixture of the non-desired polarisation slightly shallows the leading edge while adding a small overall shift to the minimum angle.
A gradient descent numerical fi t using the Jones calculus is not possible due to the presence of the minimum function in the determination of the output polarisation angle. A plot of the maximum differential with respect to the QWP angle ( ω ) of the difference between the minimum angles of the two orthogonal polarisations gives a monotonic (over a range of QWP angles between 0 and π radians) function with distinct differences between different relative area measurements. The peak angular differential metric is calculated by:
where p 1 and p 2 are the two polarisations shown by the solid/ triangle and dashed/circle lines, respectively, in Figure 13 . A plot of this metric is shown in Figure 15 with the measured peak differential (and the determined error bounds on the measurement) shown by the horizontal blue lines.
From Figure 15 , the measured level of retardation for the test sample lies either between 0.6 and 1.0 radians or between 5.3 and 5.7 radians -the rotational mounts used in the measurement were accurate to ± 1 ° and the use of more accurate rotational mounts for the quarter wave plate and the output polariser would reduce the relatively large errors in the peak angular differential. The total thickness of the test sample used in the experiment was 10.77 ± 0.05 mm giving a predicted phase retardation from the effective medium theory derived refractive indices of 2.287 radians. This value appears to be signifi cantly different from that calculated from the experimental data; however, due to the non-determined rotation of the sample relative to the input polarisation the components in the experimental setup, the variation of the output polariser angle ( θ ) that produces a minimum intensity on the detector with quarter wave plate angle ( ω ) has the general form shown in Figure 14 .
The measured minimum intensity polarisation angle from the test sample is also shown in Figure 14 and it can be seen that it generally follows the curve of the modelled system. The relatively small discrepancies between the modelled and experimental results for the lower curve are primarily due angles, an increase (or decrease) in the derived retardation of π radians can be made without loss of generality. This brings the calculated value of the retardation of the test sample to 5.429 radians which lies within the error bounds for the derived result.
Conclusions
Nanostructured micro-optics, produced using the modifi ed stack-and-draw technique, are capable of a wide range of optical functionalities. We have successfully demonstrated the creation of large diameter, high numerical aperture (NA) microlenses and customised birefringent materials using the same conceptually simple fabrication method. Furthermore, although we have demonstrated only two example structures, the nanostructuring method is capable of producing any arbitrary two-dimensional refractive index distribution and can, in principle, be used to fabricate any micro-optical component with feature sizes ranging down to the subwavelength regime. One signifi cant advantage of the nanostructuring technology outlined in this paper is that a single preform can be used to generate a large number of identical (on the scale of the incident light) micro-optical devices which can be scaled to different sizes by simply changing the draw-down factor of the fi nal draw stage. This mass duplication behaviour can be seen in Figure 16 , which shows three separate devices fabricated from the same preform and cut from sections of the drawn preform with a separation of 10 -20 m. The overall diameter of each of the microlenses is 100 μ m.
The focusing behaviour of the large diameter microlenses fabricated using this technique closely matches that predicted by gradient index optics theory. Furthermore, the nanostructuring technology allows the fabrication of non-spheric refractive index profi les, opening the way for the creation of non-standard microlenses as well as more general diffractive optical structures. The polarisation selectivity of the nanostructured components, which can be achieved using a very simple preform pattern, suggests the creation of multifunctional elements which can be precisely tailored to the application. The fabricated form birefringent material exhibits uniform birefringence over a wide range of wavelengths and, when combined with the achromatic behaviour observed with the microlenses, would permit the development of broadband micro-optical assemblies for, e.g., increased light gathering in single photon counting applications [13] . projects and many ITME R&D projects (light-and image-guide fi ber optic integrated rods, fl exible capillaries, tapered optical fi bers, multi-capillary structures, photonic crystal fi bers). His primary research interests are photonic crystal fi bers and fi ber optic nanostructures. He is author and coauthor of more than 100 publications in journals and scientifi c papers presented at conferences.
